Abstract Management and restoration planning for Pacific salmon is often characterized by efforts at broad multi-basin scales. However, finer-scale genetic and phenotypic variability may be present within individual basins and can be overlooked in such efforts, even though it may be a critical component for long-term viability. Here, we investigate Chinook salmon (Oncorhynchus tshawytscha) within the Siletz River, a small coastal watershed in Oregon, USA. Adult Chinook salmon were genotyped using neutral microsatellite markers, single nucleotide polymorphisms and Badaptive^loci, associated with temporal variation in migratory behavior in many salmon populations, to investigate genetic diversity based upon both spatial and temporal variation in migratory and reproductive behavior. Results from all three marker types identified two genetically distinct populations in the basin, corresponding to early returning fish that spawn above a waterfall, a spring-run population, and later returning fish spawning below the waterfall, a fall-run population. This finding is an important consideration for management of the species, as spring-run populations generally only have been recognized in large watersheds, and highlights the need to evaluate population structure of salmon within smaller watersheds, and thereby increase the probability of successful conservation of salmon species.
Introduction
Genetic and life-history diversity contribute to the resilience of native species in dynamic environments. Chinook salmon (Oncorhynchus tshawytscha) in western North America historically exhibited at least four behavioral life histories that are associated with the season of adult upstream migration (fall, spring, winter, and summer runs) and maturation status (Yoshiyama et al. 1998 ). Contributing to evolution of these migratory patterns is their homing fidelity to natal spawning rivers that allow for reproductive isolation and development of unique evolutionary trajectories (Waples 2001; Quinn 2004) . Anthropogenic activities including harvest, waterway development, hatchery production, and land use practices have altered salmon populations and their associated freshwater ecosystems; the result is often reduced life-history and genetic variability (Yoshiyama et al. 1998; Brenkman et al. 2012) .
To counter the effects of declining populations, substantial focus has been directed toward increasing abundance (supplementation programs) while also maintaining genetic diversity within evolutionarily significant units (ESUs) or other management units (Waples 1998; Olsen et al. 2000; Lindley et al. 2004; Eldridge and Killebrew 2007) . As genetic techniques have improved, they have been used increasingly to enable better management (Clemento et al. 2014; Shafer et al. 2015) . Salmonid fishes were among the first groups of organisms to be studied with molecular techniques, when the available methods were limited to the evaluation of genetically determined variation in a handful of proteins that could be reliably stained for detection (Utter and Hodgins 1972) . One important application of molecular techniques has been genetic stock identification (GSI), which uses a Bbaseline^ref-erence dataset of genotypes from individuals of known origin to identify the most likely provenance of individuals of unknown origin on the basis of their genotype (Milner et al. 1985) . A North America-wide baseline dataset has been developed for Chinook salmon that includes 42 major reporting units (Seeb et al. 2007) and, more recently, baseline datasets using single nucleotide polymorphisms (SNPs) have been developed for regional applications, including in the California Current ecosystem (Clemento et al. 2014) .
Pacific salmon management and restoration planning is characterized by efforts at broad multi-basin scales; however, fine-scale genetic structure that may be present within small watersheds (< 120 river km) is often overlooked in recovery planning. Homing to natal stream of origin is an influential driver of isolation among spawning groups and contributes to the genetic structure that has been observed at the landscape scale within salmon species, as do other ecological factors (i.e., habitat fragmentation, water development, episodic landslides or fires etc.). However, proper management of this fine-scale life history variability is a critical component in the long-term population persistence in a dynamic landscape.
In addition to geographically structured genetic variation, salmon species demonstrate substantial lifehistory variation (for detailed descriptions of life history variation see (Groot and Margolis 1991; Waples 2001) . In Chinook salmon, much of this variation manifests as run-timing Becotypes^which are characterized by mean date of freshwater entry and reproductive status (Waples et al. 2004; Moran et al. 2013 ). The 'fall-run', which enter freshwater as reproductively mature adults in late summer and fall, is regionally dominant in the southern extreme of the species range in North America. The 'spring-run' ecotype, which enter freshwater as reproductively immature adults in spring and early summer and hold in deep pools before maturing in the fall, are much less abundant and are derived from proximate fallrun populations in coastal basins (Kinziger et al. 2013) .
Here, we investigated if fine-scale population structure of Chinook salmon exists in the Siletz River, a small watershed in coastal Oregon. Previous studies that examined salmon populations from the Siletz River using data from neutral genetic variation included only samples from the fall-run, and were part of large-scale efforts to characterize genetic structure in the species and provide methods for identification of fish of unknown origin (Seeb et al. 2007; Moran et al. 2013; Clemento et al. 2014 ). We studied salmon of different life-history types and used data from three types of molecular marker to: i) identify patterns of neutral genetic variation within the watershed, ii) evaluate whether temporal patterns of life-history variation are correlated with variation at genetic markers known to be associated with run-timing, and iii) determine phylogeographic patterns within the river and compare them to other coastal basins in the North Oregon Coast region. We then address the implications of our results for current conservation and management activities.
Methods

Study area
The Siletz River system (~109 river km) has headwaters in the Central Oregon Coast Range and meets the ocean at Siletz Bay. The geology of the watershed is principally volcanic. A waterfall that may be a barrier to upstream migration by aquatic organisms is located at river kilometer 103.8 (Fig. 1) . A fish ladder was constructed in 1953 to allow fish passage during the winter for migratory fishes and Oregon Department of Fish and Wildlife (ODFW) operates it year round to control fish passage. In 1994, management practices began limiting access of anadromous fish that compete for spawning habitat with wild summer steelhead (Siletz basin fish management plan; ODFW 1997). Substantial changes to water flow and suitable salmon spawning habitat also occurred as a result of historical logging and splashdamming and alteration to the floodplains.
As many as three Chinook salmon ecotypes may exist in the basin: spring-, summer-, and fall-run (Stan van de Wetering, Siletz Tribe, pers. comm). The largest of these is the fall-run, which enters the river in September. The spring-run enters the river in May and moves the farthest upstream; while the summer-run ecotype returns in July and spawns between mid-September and mid-October (Stan van de Wetering, Siletz Tribe, pers. comm.). Tissue samples from Chinook salmon were collected by ODFW during their yearly carcass surveys and through monitoring at the trap on the fish ladder (Fig. 1) . Samples that were collected during the fall carcass survey consisted of a small section of the least degraded flesh from each carcass. Body condition and geographic (reach ID) location was recorded for all samples. Collections occurred September through December in 2011 and 2012 and were considered to be from the fallrun ecotype (SIFA). These samples were collected downstream of the fish trap (Reach IDs 2-23; Fig. 1 ) and a total of 565 samples of sufficient quality for successful genotyping were collected.
Samples from carcasses of fish that appeared in the main stem Siletz River prior to October 15th in 2012 and 2013 were hypothesized to be a unique group, based on adult return and spawn time and were designated lower river early (SILE) fish. These samples were collected downstream at sampling locations Reach IDs 17-21 ( Fig. 1 ). There were 55 such samples of sufficient quality for successful genotyping
The fish ladder and trap are operated year round, and enable the upstream passage of all early returning Chinook salmon. Fish that entered the trap were considered to be the spring-run ecotype (SISP) and were passed over the waterfall and allowed access to spawning grounds located upstream ( Fig. 1 ). Scales were removed for age analysis and genotyping from all passed fish for which it was possible (i.e. body condition). During the sampling years, 700 fish were passed upstream at the fish trap and, of these, 258 individuals were sampled and genotyped.
Genetic analysis
Total genomic DNA was isolated from each tissue sample following the extraction protocol of Ivanova et al. (2006) . Samples were genotyped with up to three types of molecular marker: presumably neutral microsatellites, putatively adaptive microsatellites, associated with run-timing variation, and single nucleotide polymorphisms (SNPs). Neutral microsatellite markers are not known to be associated with phenotypic expression and are considered to be selectively neutral; therefore, we were able to infer demographic processes that shaped population structure. Polymerase chain reaction (PCR) was used to amplify 21 neutral microsatellites following published thermocycling protocols. These included 10 microsatellites that are standardized range-wide (Moran et al. 2013 ) and an additional 11 microsatellites (Nelson and Beacham 1998; Naish and Park 2002; Williamson et al. 2002) . The standardized microsatellite panel was developed for rangewide genetic stock identification (GSI) of Chinook salmon and included genotypes from populations throughout North America (Seeb et al. 2007; Moran et al. 2013) . Fluorescent PCR products were electrophoresed on a 96-capillary DNA sequencer (3730XL; Applied Biosystems Inc.) and genotypes called using GENEMAPPER v3.7 software (Applied Biosystems).
Putatively adaptive microsatellite markers are associated with phenotypic expression and may be useful for interpreting adaptation of individuals to their local environments. The circadian clock gene network has been identified in salmon as contributing to the genetic control of adult migration timing in salmon (O'Malley et al. 2007 (O'Malley et al. , 2010 . Three circadian clock gene markers, Ots515NWFSC (Ots515), Cryptochrome3 (Cry3), and OtsClock1b (clock1b), were amplified via published PCR and thermal cycling protocols. Ots515 is a QTLlinked marker that is associated with spawn time and body weight in rainbow trout (O'Malley et al. 2007 ).
Cry3 is linked to flavoproteins that mediate circadian rhythms in plants (O'Malley et al. 2010 ). Clock1b contains a polyglutamine repeat tract that has been shown to vary in Chinook salmon (O'Malley et al. 2010) .
Single nucleotide polymorphisms (SNPs) are sites in the genome that have two nucleotides segregating and are ubiquitous in vertebrates. A panel of 96 SNPs specific for Chinook salmon (Clemento et al. 2014) were genotyped on 96.96 Dynamic Arrays with an EP1 System (Fluidigm Corp., South San Francisco, CA), and genotypes were called with Fluidigm Genotyping Analysis software v2.1.1. These SNPs have been used previously to construct a GSI Bbaseline^database that is comprised of genotypes from more than 69 populations, including fall-run from the Siletz River. A total of 188 samples, 94 fall-run and 94 spring-run, chosen representatively from the larger sets of samples was genotyped with these markers to determine phylogenetic relationships among proximate coastal basins.
Statistical analysis of genetic variation
Loci were assessed for genotyping problems including null alleles or allelic dropout using MICROCHECKER (Van Oosterhout et al. 2004) . Observed allele frequencies were tested for evidence of deviations from HardyWeinberg expectations (HWE) and for significant linkage disequilibrium (LD) between loci with GENETIX (Belkhir et al. 1996 (Belkhir et al. -2004 . Summary statistics of genetic diversity were calculated for each hypothesized population. Characterization of the genetic diversity among loci was evaluated using allelic richness (A r ) a measure of allelic number that corrects for unequal sample sizes using a rarefaction method with HP_RARE (Kalinowski 2005) . The number of alleles (A), and observed (H o ) and expected (H e ) heterozygosity were calculated in GENALEX (Peakall and Smouse 2012) .
Spatial structure was evaluated in three ways: pairwise estimates of the fixation index (F ST ), exact tests for genic and genotypic frequencies, and individual assignment tests. Pairwise F ST values (θ; Weir and Cockerham 1984) were calculated in the program GENALEX and the data set was permuted 1000 times to determine if the values differed significantly from zero, an indication that populations may be genetically distinct. Exact tests for differences in genic and genotypic frequencies were performed with the program GENEPOP (Raymond and Rousset 1995), which applies a Markov Chain Monte Carlo algorithm to account for small sample sizes or low-frequency alleles. Significant values of genic and genotypic frequencies may occur even though sufficient power to detect genetic differentiation through other methods is not possible, as is the case with populations where high gene flow exists.
A model-based Bayesian clustering method was used as an additional method to identify the degree of differentiation between the hypothesized populations. The software package STRUCTURE v2.2 (Pritchard et al. 2000) estimates the likelihood for hypothesized values of k, the number of genetically distinct clusters or populations from which the sampled individuals were drawn. This method allows the data to define the clusters and assigns individuals to the k clusters without a priori information about their sampling locations. Five independent runs were performed for each value of k (2-6), using 50,000 burn-in and 150,000 retained iterations. An additional STRUCTURE run to assess the association of SISP and SIFA to the Central Oregon Coast reporting unit was conducted using published data provided in (Clemento et al. 2014) . Five independent runs were also performed for values of k = 4-10, using the same burn-in and iterations as above.
Phylogeography
Phylogeographic patterns of fish within the Siletz River were inferred with a dendrogram based on SNP genotypes, constructed using chord distances (Cavalli-Sforza and Edwards 1967) and with the topology determined using the neighbor-joining algorithm, in the PHYLIP package (Felsenstein 1993) . Majority-rule consensus values were calculated from 1000 bootstrap replicates of the data by the PHYLIP components SEQBOOT and CONSENSE. Only bootstrap values above 80% were reported.
Results
Neutral genetic variation
Null alleles or other problems were identified in three microsatellite loci (Ots209, Ots211, and Omm1080), due to the presence of more homozygous individuals than would be expected. Significant departures from HWE existed for seven markers (Ots9, Ots104, OtsG409, Ogo4, Ots208, Ots249, and OtsG83) after adjusting for multiple comparisons, the remaining 11 loci were used for analysis. Allelic richness and heterozygosity of SISP was greater than that of either SIFA or SILE (Table 1) . Linkage disequilibrium was found in all populations; the largest fraction of locus pairs in LD was within SISP (Table 1) . Overall accuracy of individual assignment to population of origin using the microsatellite data was greater than 83% (Table 2) . Pairwise F ST values across years (2011 and 2012) were low (SIFA, F ST = 0.001, p = 0.006; SISP, F ST = 0.003, p = 0.001) and marginally significantly different from zero, but did not likely represent biologically meaningful differentiation (Hedrick 1999). Data were therefore pooled across years within groups for subsequent analyses.
Of the 96 SNP loci, four loci (Ots_108735-302, Ots_118175-479, Ots_128302-57, and Ots_Pr12) did not yield genotypes within the SISP population, and OkiOts_120255 functions to discriminate Chinook salmon from closely related coho salmon (O. kisutch); the remaining 91 loci were used for subsequent analyses (suppl. 1). There were no departures from HWE among loci following correction for multiple comparisons. Allelic richness and heterozygosity of SISP was again greater than that of either SIFA or SILE (Table 1) . There was no evidence of linkage disequilibrium within SIFA; however, a small amount of LD was present in the SISP group (Table 1 ). The SNP dataset had similar ability to accurately assign individuals to population of origin as the microsatellite dataset (accuracy >85%; Table 2 ).
Pairwise F ST differed significantly from zero between SILE and SISP, but not between SIFA and SILE (Table 3) . Model-based clustering analysis with STRUCTURE provided evidence of two major genetic groups in the Siletz River that corresponded to the fallrun and spring-run Chinook salmon ecotypes ( Fig. 2a  and b ) and was consistent with the pattern identified by other analyses with both datasets.
Temporal adaptive genetic variation
Variation at the three markers associated with circadian clock genes provided further evidence for differentiation between migratory ecotypes of Chinook salmon in the Siletz River. All pairwise F ST values and exact tests of genic and genotypic divergence between SISP and both SIFA and SILE, except those for locus Clock1b, were significant, indicating differentiation of SISP and both SIFA and SILE (Table 4 ). In contrast, these loci provided minimal evidence for differentiation between the earlier returning (SILE) and later returning lower river fish (SIFA), with nonsignificant F ST values and significant tests of genic and genotypic differentiation at loci OTS515 only (Table 4) .
Phylogeography
A neighbor-joining dendrogram was created with the SNP dataset and was compared to a larger published study of Chinook salmon by Clemento et al. (2014) , that used the same loci and in which Breporting groups^of populations from the same geographical regions were identified. Siletz River fall-run Chinook salmon were grouped with the North Oregon Coast reporting unit in that study, as they were in several other genetic studies (Narum et al. 2008; Moran et al. 2013 ). Our analysis also placed SIFA in the North Oregon Coast reporting unit (bootstrap 83%; Fig. 3) , which is consistent with the fact that the SIFA samples were collected from the same general location as the fallrun Siletz River fish that were analyzed in these previous studies. The Siletz River spring-run ecotype (SISP) population also branched with the North Oregon Coast reporting unit. Model-based clustering analysis with STRUCTURE also supports this finding (Fig. 2c) .
Discussion
Here, we used genetic data to identify a previously unrecognized population of early returning (i.e., spring-run) Chinook salmon within the Siletz River, a basin that is <120 km from source to ocean exit. The use of three different types of molecular genetic data to investigate population genetic structure of Chinook salmon in this watershed allowed us to resolve fine-scale structure not previously recognized. Patterns of genetic variation within the watershed indicated that individuals spawning downstream of the waterfall (i.e., SILE and SIFA) are a fall-run population, and that a genetically distinct population of the spring-run ecotype (i.e., SISP) spawns upstream of the waterfall. Concordance among results from analyses of the multiple marker types lent strength to the resulting conclusion of significant structure in the Siletz River that corresponds to fish with different freshwater entry timing and to fish spawning above and below a waterfall. Pairwise F ST values for populations spawning upstream and downstream of the waterfall were significant for all three molecular markers. The presumably neutral microsatellite loci that were used in this study were highly polymorphic and provided substantial power for resolution of genetic structure. However, persistent LD was found between some of these markers. The SNP markers were biallelic, and therefore less polymorphic per locus, but more numerous and did not have significant LD. The adaptive genetic markers correlate with behavioral variation in some salmon populations that have a temporal component and could therefore potentially discriminate such populations in the absence of other genetic differentiation. Previous work has shown that the combination of data from multiple marker types improved resolution of population structure in salmon, especially among populations with potentially high gene flow, as can be expected in smaller watersheds (Narum et al. 2008; Hess et al. 2011; DeFaveri et al. 2013; Garvin et al. 2013 ). Below, we discuss the patterns of genetic differentiation as inferred from the three sets of molecular markers and summarize the implications of our findings for continued conservation efforts.
Temporal variation
In contrast to the finding of significant differentiation between fall-and spring-run ecotypes returning above and below the waterfall with all three types of molecular marker, none of the datasets found differentiation between the lower river, early fall returning fish (SILE) and the lower river, fall-run ecotype (SIFA). There is no physical barrier between these two groups, but the timing of their return to freshwater and spawning dates suggested that heritable behavioral differences might exist. None of the pairwise F ST values between SIFA and SILE were significant, indicating that these two groups of fish are likely experiencing high levels of gene flow. However, significant exact tests for genic and genotypic frequencies may The adaptive genetic markers provided signals of structure that were similar to the other types of genetic markers, although variation in them has been found in other studies to be strongly associated with temporal variation in migration by salmon (O'Malley et al. 2007) . Clock genes are part of the molecular mechanism of longterm timekeeping for tracking season-specific activities in response to photoperiod in many animals (Leder et al. 2006; Bradshaw and Holzapfel 2007; Liedvogel et al. 2009 ). Timing of freshwater entry and reproductive maturity in salmonid fishes is a complex array of interrelated behavioral and physiological traits that has heritable components and exhibits phenotypic plasticity in response to environmental variability (Carlson and Seamons 2008; Abadia-Cardoso et al. 2013) . Chinook salmon populations have been able to exploit a wide range of habitats because of evolution at this trait, often in the face of ongoing gene flow (Waples 2001; O'Malley et al. 2013) . Using markers associated with the circadian clock gene network might have provided additional insight in the differentiation among these closely related groups and they did discriminate the spring-run population above the waterfall from all downstream fish, although with genetic differentiation similar to the other markers.
Conservation implications
It is important for species to maintain genetic variability in order to respond to dynamic environments. The extent and scale of intraspecific genetic diversity is therefore a crucial consideration from both conservation and management perspectives (Manel et al. 2010; Funk et al. 2012) . Chinook salmon populations are characterized by hierarchical genetic structure (Seeb et al. 2007; Moran et al. 2013 ) with evidence of isolation across their range in the north Pacific (> 10,000 km), within larger river systems (> 1000 km), and regionally among watersheds (< 1000 km). Finer-scale structure in Chinook salmon within smaller coastal watersheds (e.g., the Siletz River <120 km) has been relatively unstudied. Matala et al. (2012) identified spatial structuring of Chinook salmon in the South Fork Salmon River (SFSR,~90 km), which is part of the Columbia River system. Chinook salmon that spawned within the main stem SFSR were significantly different from individuals returning to two other tributaries within the subbasin. To reach these isolated tributaries, salmon must travel hundreds of kilometers up the main stem Columbia River. The F ST values that we report between fish above and below the waterfall in the Siletz River are of similar magnitude to those reported among these Columbia River tributaries, but on a much smaller geographic scale. This demonstrates that such life history variation and genetic differentiation is not limited to large river systems and can be found in smaller watersheds.
Population structure described solely on the basis of divergence at one type of molecular marker, particularly presumably neutral ones, may fail to identify distinct populations that warrant separate management. Life history diversity of salmon is most often associated with spatial diversity and larger river systems (e.g., Columbia River or Sacramento-San Joaquin river systems) that typically have both numerous genetically distinct salmon populations and a greater number of life history strategies associated with them (Groot and Margolis 1991; Taylor 1991; Waples 2001) .
Identifying and preserving genetic and phenotypic diversity is an important component of formulating strategies to maintain resiliency and fitness of salmon, particularly in smaller watersheds (McElhany et al. 2000) . It has become evident that genetic data can inform many decisions relating to management strategies, especially those that are aimed at maintaining abundance and genetic diversity in natural salmon populations (Olsen et al. 2000; Eldridge and Killebrew 2007; Grandjean et al. 2009; Brenkman et al. 2012; Matala et al. 2012 ). Without such information there is great risk of losing important life history variation that enables resilience of anadromous species to changing environments.
Conclusions
We have demonstrated how the application of molecular genetic data from multiple types of markers provides strong support for existence of two genetically and phenotypically distinct salmon populations in a small coastal watershed where only one is currently recognized. Much of fishery management and conservation is based upon status of larger, regional management units (e.g., the North Oregon Coast Chinook Salmon ESU). These management units are combinations of unique spawning groups from multiple, smaller river basins (e.g., the Siletz, Alsea, Coquille, and Siuslaw Rivers). Management solely at such larger scales may not take into account fine-scale genetic and phenotypic variability that is present within smaller watersheds, such as has been demonstrated here. This finescale variability is a necessary component of long-term resilience and its maintenance should be explicitly considered to ensure successful conservation and management.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http:// creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
